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Supplementary Figures

Figure 1: Random forest classification success rates across experiments presented in the
main text. Results from experiments are presented in different colors, in blue when using 50%
cutoff of gene mismatches, green using 10%, yellow 1% and red when no cutoff is used. (top) Success
rates for serotype classification. (bottom) Success rates for Sequence Cluster (SC) classification.
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Figure 2: Serotype and sequence cluster classification for 50% cutoff of gene mismatches.
(A) Random forest analysis for serotype classification. (top) Density function of normalised RFA
scores (normalized to 1 using the maximum score). The 95% boundaries of the distribution are
marked by the dashed lines. (bottom) Genomic position for each gene in the dataset against their
normalised RFA score. The circular genome is presented in a linear form, with the first gene
at position 186 being dnaA and the last gene at position 2220530 being parB. MLST genes are
marked in yellow circles (spi, xpt, glkA, aroE, ddlA, tkt). Genes within the capsular locus are
marked with blue squares, with pseudo genes further marked with an ‘x’. (B) Random forest
analysis for sequence cluster classification. Figure details the same as in A.
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Figure 3: Serotype and sequence cluster classification for 10% cutoff of gene mismatches.
(A) Random forest analysis for serotype classification. (top) Density function of normalised RFA
scores (normalized to 1 using the maximum score). The 95% boundaries of the distribution are
marked by the dashed lines. (bottom) Genomic position for each gene in the dataset against their
normalised RFA score. The circular genome is presented in a linear form, with the first gene
at position 186 being dnaA and the last gene at position 2220530 being parB. MLST genes are
marked in yellow circles (spi, xpt, glkA, aroE, ddlA, tkt). Genes within the capsular locus are
marked with blue squares, with pseudo genes further marked with an ‘x’. (B) Random forest
analysis for sequence cluster classification. Figure details the same as in A.
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Figure 4: Alignment of genes within the capsular locus. The consensus sequence for each
capsular gene within a serotype was found by determining the most frequent base per position.
Genes were aligned across serotype using a highly restrictive routine penalizing the introduction
of gaps (MUSCLE software parameters: -gapopen -12.0 -gapextend -1.0). Gaps are shown in
white, Adenine in red, Thymine in green, Cytosine in blue, and Guanine in yellow. Each gene is
only represented by the serotypes for which sequences were found; and genes for which 3 or less
serotypes were represented are not displayed (wchV, wchW, wchX ). The red/blue colours herein
used in serotype labels mirror Varvio et al. serotype categories according to statistically, highly
supported sequence clusters found in that study. Accordingly, we find genes wzg and rmlABCD
to present no population structure, while genes wzh, wzd, wze and wchA present clear divergence
patterns between the two groups. As expected, given their sero-specific origins, wzx and wzy present
a significant number of alignment gaps. This contrasts the other genes, although some structure
can be seen within serogroups for genes wzx and wzy (ex: serogroups 6 and 23).
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Figure 5: Sensitivity analysis on numerical predictor assumption (without cutoff of
gene mismatches). In each subplot, the obtained RFA scores of each gene are compared between
two experiments using independent inputs. The red line (diagonal) represents the expectation of
gene scores being the same in two independent RFA experiments if the numerical assumption of
predictor variables would not introduce RFA bias. The blue line is the linear regression line of gene
scores (LR is linear-regression). (top row) Two RFAs are run on two independently randomized
input matrices (see Methods description in the Main Text). The results show a low correlation
between the scores obtained for the same genes in the two runs, is particular for SC classification.
This demonstrates an existing bias in the RFA method depending on specific allelic numerations.
(bottom row) RFAs are run on two independent sets of N = 50 randomized input matrices (see
Methods description in the Main Text). Gene scores are averaged over the N RFAs for each set.
The results show a very high correlation between the scores obtained for the same genes in the
two input sets, specially for Serotype classification. This demonstrates that by averaging scores
over N input randomized matrices, the existing RFA bias due to allelic numeration is mitigated. In
particular, the variation of mean scores for the top 2.5% ranking sites (green shaded area) is shown
to be small, specially for Serotype classification, such that the same genes are effectively selected
on that upper limit in any set of N input matrices.
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Figure 6: RFA ranking versus gene position. The RFA normalised scores for 4 scenarios are
presented: Serotype and SC classification, with no cutoff (left column) and 1% cutoff (right column)
for gene mismatches (1% cutoff as a rejection of genes with an excess of 99% of mismatches). For
simplicity, we represent the circular genome in a linear form, with the first gene at position 186
being dnaA and the last gene at position 2220530 being parB. (left column) The genes with highest
scores for serotype classification are seen to cluster around the capsular locus (blue area). The
bottom two subplots, presenting a zoom in the capsular region show that core capsular genes
(centre of yellow region) score highly, but flanking genes also present high scores with decreasing
values with distance. (right column) Core genes from the capsular locus (centre of blue and yellow
areas) are not considered, since these present an excess of 99% of mismatches to the reference
genome. However, genes flanking the capsular locus still score highly for serotype classification and
scores decrease with distance.

6



ra
nd

. 2 3 10 30 50 10
0

20
0

30
0

40
0

50
0

0.80

0.85

0.90

0.95

1.00

D
' b

et
we

en
 p

ai
rs

 o
f g

en
es

distance between the pair of genes (in gene count)

−100 −50 0 50 100

0.
97

0
0.

98
0

0.
99

0
1.

00
0

D
' (

w
ith

 g
en

e 
de

xB
)

●

●
●

●●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●
●

●

●
●

●●●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●●
● ●

●●
● ●

●
●

●

●
●●

●

●

●●
●

●
●

●
●

●

●

●

●

●

●

●

●●

●

●●●●
●

●

●

●

●

●

●●

●

●

●●●

●
●●

●

●

●

●●

●

●

●

●

●

●●

●●●

●

●

●

●
●

●
●

● ●
●

●
●

●
●

●●

●
●

●
●●

● ●

●

● ● ●

●

●

●

●●
● ●

●●

distance to dexB (in gene count)

−100 −50 0 50 100

0.
97

0
0.

98
0

0.
99

0
1.

00
0

D
' (

w
ith

 g
en

e 
gr

oE
L)

●

●

●
●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●

●●

●

●

●

●

●

●

●
●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●
●●

●
●

●

●

●●

●

●●

●

●●●

●

●●●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●
●

●

●●

●

●

●

distance to groEL (in gene count)

A B

C

Figure 7: Linkage disequilibrium. (A) Distributions of linkage (D’) for different selections
(cassettes) of genes. For the randomly selected gene pairs (’rand’, yellow), representing a genome
sample of 20,000 random pairs, the median is 0.98, with 95% of the values ∈ {0.94, 0.99} (as
in Watkins et al). For the capsular locus (’CPS’, red), 10 genes are considered upstream and
downstream starting at genes aliA and dexB (as in the main text). For the groEL (blue) 10 genes
are considered upstream and downstream of the gene groEL. For the remaining cassettes (grey),
10 genes are considered upstream and downstream of each named gene in the x-axis. (B) Linkage
between the gene dexB and all other genes at a maximum distance of 100 genes. Red points are
the genes of Table 1 (main text) that are 100 genes away from dexB. (C) Linkage between the
gene groEL and all other genes at a maximum distance of 100 genes. Gree points are the genes of
Table 2 (main text) that are 100 genes away from groEL. In B,C subplots, the vertical dashed lines
mark the gene of reference (dexB or groEL). In A,B,C subplots, linkage is calculated according to
Lewontin’s normalization and excluding all genes which showed mismatches or deletions above a
threshold of 1% (exclusions are marked with grey areas in subplots B,C ).
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Figure 8: Comparison of random forest SC classification success rates when using the
groESL cluster of genes or random genes. Results from experiments are presented in different
colors, in blue when using the 10 genes highly informative for SC classification clustering around
the groESL locus (see Figure 2, Table 2), in red when using 10 genes randomly selected from the
genome, in green when using using random sets of 10 contiguous genes (presented is the mean
classification for 10 RFA runs using 10 independent clusters of such 10 genes). The groESL cluster
is seen to be the most informative (100% of the SCs are predicted with accuracy above or equal
to 90%) when compared to 10 random genes (for which ≈ 43% of SCs have classification success
lower than 90% and ≈ 31% have classification success lower than or equal to 70%), or for the mean
classification of 10 contiguous genes (81% of the SCs are predicted with accuracy above or equal
to 90%, and only 12% of SCs are better classified when compared to the results of the groESL
cluster). Only genes with less than 1% of mismatches are included.
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Figure 9: Distribution of distances within clusters of 10 genes sampled from the top
SC predictor genes. The main results describe the unexpected result of a cluster of 10 genes
within and around the groESL operon when classifying SC (genes shown in Figure 2, Table 2). To
quantify the significance level of this finding, we here present the distribution of distances found
among such top genes. From the 41 genes found as good predictors for SC (Table 2), we sample
10,000 independent sets of 10 genes. From each set, we use the each gene’s genome position to
calculate the standard-deviation (StDev) of the distance (number of genes) between every 2 genes
in the set. Given the circular nature of the genome, we use the minimum possible distance. The
resulting distribution is shown in the plot. The 95% boundaries are presented in red (dashed lines).
The StDev of the distances found within the cluster of 10 genes including the groESL operon is
shown in blue (dotted line). Finding such cluster of genes has a p-value of ≈ 1.52e − 06 and is
therefore significant in the background of the observed distribution.

9



●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●
●●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●●●

●
●

●

●

●

●

●

●

●

● ●

●●

● ●●

●

●

●

●

●

●

●

●

●●
●

●

● ●
●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●●

●

●

●

●

●● ●●

●●

●

●

●

●

●●
●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●●
●

●●

●
●●

●

● ●
●

●

●

●

●

●

●

●

●

●

●●
●

●
●

● ●

●

●

●

●

●●

●

●

●

●

●

●
●

●●

●

●
●●

●

●
●

●

●

●
●

●

●

● ●

●

●●
●

●
● ●

●

●

●●

●

●

●
●

●

●

●
●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●●

●
● ●●

●

●●
●

●

●
●

●
●

●

●●
● ●

●

●

●
●

●
●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

● ●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ●●

●

●

●

●

●

●

●

●

● ●
●

●●

●

●
●

●

●

● ●

●
●

●
●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●
●

●● ●
●

●
●

●

●●

●

●

●

●

●● ●● ●

●

●

●

●

●

●

● ●

●

●
●

●
●● ●

●

●

●●

●

●
●●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●
●

●

●

●

●

●

● ●

●
●

●

●
●

●

●

● ●

●

●

●

●
●

●
●

●

●

●
●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

● ●●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●
●

●
● ●
●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●●
●

●●

●
●

●

●
●●

●●

●

●

● ●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

● ●

●

●●

●

●

●

●

●●

●
●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●
●

●

●
●

●

●

●
●

●
●●

●

●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●●

●
●

●

●
●

●

●

●

●

●

●

●

●

● ●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●
●●

●

●

●

●

●●●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●

●

●

●

●

●

●

● ●●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
● ●

●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

● ●

●

●●
●

●●

●

●

●

●

●

●

●
●

●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●

● ●

●

●

●

●●

●●

●

●

●

●

●

●

●
●

●

●●
●

●●

●

●

●

●
●

●

●
●
● ●

●

●

●

●

● ●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

● ●

●

●

●

●●

●

●
●●

●

●

●

●
●

●

● ●

●

●

●

●

● ●
●

●

●●

●

●

●●●
●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●
●●

●

●

●

●
●

●

●

●
● ●

●●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●
●

●

●

●
●●

●

●
●

● ●

●

●

●

●

●
●

●

● ●
●

●

●

●

●

●

●

●

●

●
●

●

●●●

●
●

●

●

●

●

●

●

●

●

● ●●

●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●●●

●
●

●

●●

●

●

●
●

●

●
●

●

● ●
●

●

●
●

●
●

●

●

● ●

●

●

●

●

●

●
●

●

●

● ●
●

●

●●

●

●

●

●

●

● ●
●

●

●●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●●●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●● ●

●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●
● ●●

●

●

●

●

●

●
●

●●●

●

●

●

●
●

●

●

●
●

●
●

●●

●

●
●

●

●●

●

●

●●

●●

●

●

●

●
●

●
●

●

●●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●●
●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

● ●

●

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

SC, 50 shuffles

mean RFA score of 50 shuffles (set 1)

m
ea

n 
R

FA
 s

co
re

 o
f 5

0 
sh

uf
fle

s 
(s

et
 2

)

diagonal
LR R−squared 0.8899

●

●

●
●

●

●

●

●●

●
●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●
●

●

●

●

●

●●●

●

●

●

● ●

●

●

●

●

●

●

●

●

● ●●●
●

●

●

●

●

●

●

●
●
●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●
●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●●

●

●

● ●●
●

●

●
●

●
●

●

●●
●●

●

●

●

●

●
●

●

●

● ●

●

●

●
●

●

●

●

● ●

●

●
●

●

●

●

●
●

●

●
●

●

●
●

●

●
●

●
●

●
●

●
●●

●

●
●

●

●

●

●

●

●●

●

●
●

●●●

●

●
●

●

●
●

●

●

●●

●
● ●

●

●

●

●

●
●

●●
● ●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●●

●

●
●

●

●
●
●

●

●

●

●

●

●

●

●
●

●

●●

●●● ●

●

●●
●●

●

●●
●

●

●
●

●

●

●

●
●

●

● ●
●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
●

● ●●

●
●

●

●
●●

●

●

●●
●

●

●

●

●

●

●

●

●

●●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●●

● ●

●

●
●

●●

●
●

●
●

●

●

● ●

●

●

●

●
●

●●

●

●

●

●

●

●●
●

●●

●

●

●

●
●

●

● ●
●

●

●
●

●

●●
●

●

●
●
●

●●
●

●

●

●

●●

●

●

●

●
●

●

●

● ●

●

●●

●

●
●●●
●

●

●

●

●●

●

● ●

●

●
●

●

●

●

●
●

●

●

●

●●
●

●

●

●

●

●

●●

●

●

●

●

●●

●
●

●

●

●

●

●●●
●

●
●

●●

●●

●

●
●
●

●

●

●

●
●
●

●

●

●
●

●
●
●

●

●

●
●

●●
●

●
●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●●●
●

●●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

● ●

●
●

●●
●

●
●

●●
●

●

●

●

●

●

●
●

●

● ●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●
●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

● ●

●
●

●
●

●
●

●

●●●

●

●

●

●

●

●

●

●●

●●

●

●

●
●

●
●

●

●

●●

●

●

●

●
●

●

●
●
●
●

●
●

●

●

●
●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●

●

●● ●●●

●
●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

● ●●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●●

●

●

●

●

●
●

●
●
●

●
●

●

●●●

●

●

●

●

●

●

●

●

●●
●

●●
●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●
●

●

●

●

●

●

●
●

●
●●

●
●

●

●

● ●

●●
●

●

●
●

●

●

●
●

●
●

●●

●

●

●

●
●●

●

●

●

●●
●●

●

●

●

●

●

●

●
●

●

●●

●

●
●

●

●
●

●

●●

●
●

●

●

● ●
●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●
●

●

●

●
●

●●

●

●

●

●

●

●
●

●

●

●
●●

●

● ●

●

●

●

●

●

●

●

●
●

● ●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●
●●

●

●

●

●

●●●

●

●

●●
●

●

●
●

●
●
●

●

●

●

●

● ●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●
●

● ●

●●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●
●

●

●

●
●

●

●
●●●

●

●

●

●
●●

●

●

●
●
●
●

●

● ●

● ●

●
●

●

●

●
●

●

●

●

●

●

●●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●
●

●

●

●●
●●

●

●

●

●

●

●●
●

●

●

●

●

●

●
● ●

●

●

●

●

●
●

● ●
●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●●
●

●

●
●

●

●

●

●

●●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●●

●
●

●
●

●

●

●

●

●

●
●

●

●●
●

●

●●

●

●

●

●

●

●

●● ●

●●

●

●
●●
●

●

●

●

●

●

●
●

●

●

●●

●
●

●
●●

● ●

●

●

●
●●

●
●

●

●
●

●

●

●●

●

●
●

●

●

●
●●

●

●
●

●

●

●

●●

●

●

●

●
●

●

●

●
●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●
●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●
● ●

●

●

●

●

●●
●

●
●

● ●

●
●●

●
●

●

●

●

●

●
●

●●

●

●
●

●

●

●

●

●
●

●
●● ●

●
●●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●●
●

●

●

●●

●
●

●

●

●

●

●

●

●

●
●

●

●●

●
●●●

●

●

●

●●
●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Serotype, 50 shuffles

mean RFA score of 50 shuffles (set 1)

m
ea

n 
R

FA
 s

co
re

 o
f 5

0 
sh

uf
fle

s 
(s

et
 2

)

diagonal
LR R−squared 0.93606

Figure 10: Sensitivity analysis on numerical predictor assumption (1% cutoff of gene
mismatches). In each subplot, the obtained RFA scores of each gene are compared between
two experiments using independent inputs. The red line (diagonal) represents the expectation of
gene scores being the same in two independent RFA experiments if the numerical assumption of
predictor variables would not introduce RFA bias. The blue line is the linear regression line of
gene scores (LR is linear-regression). RFAs are run on two independent sets of N = 50 randomized
input matrices (see Methods description in the Main Text). Gene scores are averaged over the N
RFAs for each set. The results show a very high correlation between the scores obtained for the
same genes in the two input sets. Only genes with less than 1% of mismatches are included. These
plots demonstrate that by averaging scores over N input randomized matrices, the existing RFA
bias due to allelic numeration is mitigated. In particular, the variation of mean scores for the top
2.5% ranking sites (green shaded area) is shown to be small (and smaller than when considering all
genes, Fig S5), such that the same genes are effectively selected on that upper limit in any set of
N input matrices. For the cluster of 10 genes around the groESL operon, found to be informative
for SC in the results of the main text (Figure 2B, Table 2), 8 out of 10 were consistently found
in the top 2.5% of both sets of N = 50. The exceptions were the genes SPN23F19240 (recX) and
SPN23F19250.
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Supplementary Material - Gene function tables

Description of top-scoring genes highly informative for serotype classification

Gene Function / Type Description / Background

trpF
Amino acid

biosynthesis

Known to be essential for the biosynthesis of tryptophan for S. pneumoniae [1],

and more generally of the biosynthesis of aromatic amino acids in at least 9

species of bacteria [2].

fabG
Fatty acid

biosynthesis

Encodes the beta-ketoacyl-ACP reductase, the only known keto-acid reductase

in bacterial fatty acid biosynthesis [3].

lysC
Amino acid

biosynthesis

Encodes for an aspartokinase involved in lysine production and aminoethyl

cysteine resistance in Corynebacterium glutamicum [4].

mvaD

mvaK2

Cell wall

biosynthesis

Electron

transport

Aerobic cellular

respiration

Involved in the Mevalonate pathway, also known as the HMG-CoA reductase

pathway, found in bacteria, eukaryotes and archaea [5]. One of the pathway’s

main products, the isopentenyl pyrophosphate (IPP), is used to make

isoprenoids, a diverse class of over 30,000 biomolecules. In bacteria, the

principal products of IPP include the lipid carrier undecaprenol (involved in wall

biosynthesis), plus a range of menaquinones and ubiquinones both involved in

electron transport, and the latter also in aerobic cellular respiration [6-8]. In S.

pneumoniae, these two genes are essential for growth and are proposed to be

part of a single operon [6].

spuA
Glycogen

metabolism

The SpuA protein is involved in alpha-glucan metabolism, whose main substrate

is glycogen (polysaccharide of glucose), an abundant resource in human lung

epithelial cells [9-10]. The protein SpuA has also been shown to be highly

immunogenic [11].

patB

ATP-binding

cassette (ABC)

transporter

Resistance to

fluoroquinolones

Encodes part of an ABC efflux pump, responsible for resistance to

fluoroquinolones [12-14].

pitA

pitB

ATP-binding

cassette (ABC)

transporter

Iron uptake

These genes were located within the pit operon, encoding for an ABC

transporter involved in iron uptake. In line with our findings, the pit operon has

previously been shown to exhibit strain-specific variation [15].

gnd Iron uptake
Regulator of iron transport [16]. gnd is transcriptionally linked to the top-scoring

gene ritR.

ritR
Capsular

biosynthesis

ritR is orthologous to the streptococcal global regulator covR, for which there is

conclusive evidence from S. pyogenes, S. suis and S. agalactiae of regulatory

functions on capsular biosynthesis [17-19]. ritR is transcriptionally linked to the

top-scoring gene gnd.

ecsA ATP-binding One of two genes that encode for the Ecs ABC transporter. The substrate of Ecs
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cassette (ABC)

transporter

Aerobic cellular

respiration

is so far unknown, but obligatory anaerobes or microaerophilic bacteria do not

carry the Ecs transporter, and its function is therefore argued to be related to

respiration [20].

glyP

Symporter

Sodium uptake

Transport can be achieved by a multitude of systems alternative to ABC

transporters, such as 'passive' channels like the sodium symporter GlyP,

encoded by the gene glyP. Sodium is one of the main electrolytes in human

saliva, existing there at a higher concentration than in blood plasma, and

differentiation in sodium transport, similarly to iron or glucose transport, could

potentially be under selection for niche specialization [21].

pbp1A

pbpX

mraW

mraY

Cell wall

biosynthesis

Penicillin

resistance

beta-lactam

resistance

Cell division

Genes flanking the capsular locus involved in the cell wall biosynthesis pathway

[22]. Mutations in these genes can lead to penicillin resistance, and

single-nucleotide positions associate strongly with S. pneumoniae beta-lactam

resistance [23-25]. In S. pneumoniae, pbp1A is also involved in the formation of

the septum during cell division [26]. pbp1A is associated in a two-gene operon

with another top-scoring gene, recU [27-28].

vraT

vraS

Resistance

tomethicillin,

vancomycin,

daptomycin

Resistance to various classes of cell wall-inhibitory antibiotics (ex. methicillin,

vancomycin, daptomycin) in S. Aureus is regulated via the vra operon, by up or

downregulation of a set of genes commonly designated as the cell wall stimulon

[29]. This operon is encoded the vraT and vraT genes.

blpH
Bacteriocin

production

Part of the BlpABCSRH pathway [30], which regulates production of class II

bacteriocins and related immunity proteins [31-32].

glmS
Production of

ammonia

In related species, the aminotransferase GlmS is known to upregulate the

production of ammonia thereby increasing acid tolerance and survival [33].

recU

DNA

recombination,

repair and

segregation

Cell division

Encodes the Holliday junction resolvase, required for homologous DNA

recombination, repair and chromosome segregation [27-28]. recU is associated

in a two-gene operon with another top-scoring gene, pbp1A [27-28].

luxS

Biofilm

formation

Pneumolysin

expression

The capsular flanking gene luxS is part of a Staphylococcus epidermidis

quorum-sensing system in biofilm formation, and linked to pneumolysin

expression, a key player in interference with the host immune response [34-35].

lytC
Lysozyme

production

Encodes a lysozyme (or glycoside hydrolase) which can be found in a number of

secretions, such as tears, saliva and mucus, with the potential to damage

(interspecies) bacterial cell walls by catalyzing hydrolysis of linkages and

residues in peptidoglycans and chitodextrins [36-37].
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Description of top-scoring genes highly informative for SC classification

Gene Function / Type Description / Background

sodA

Survival

Virulence

Encodes for the manganese superoxide dismutase, critical against oxidative

stress and linked to both survival and virulence; has been highlighted in

numerous studies for its relevance in identification of rare clones of

pneumococci [38-39] and Streptococci at the species level [40-41].

lmb

Virulence

Laminin binding

Encodes for an extracellular protein (Lmb) with a key role in physiology and

pathogenicity [42-43], and homologs of this protein have been documented to

be present and discriminatory of at least 25 groups of the Streptococcus genus

with possible similar functions [44-45]. The Lmb protein also called

laminin-binding protein, given its capacity to bind to laminin present in the

host’s extracellular matrix and is immunogenic [45].

pdhB

Virulence

Degradation of

fibrinogen

Fibronectin

binding

Glycolytic enzymes (GE) such as the one encoded by pdhB have long been

regarded as virulence factors [46] and are involved in cytosol-located metabolic

processes. When transported to the surface, the PdhB protein-complex is

known to interact with host factors such as the extracellular matrix and

fibrinolysis system [47]. Critically, Mycoplasma pneumoniae’s pdhB is involved in

the degradation of human fibrinogen and is also able to bind human fibronectin

[47-48]. Fibronectin is commonly found in human saliva, presenting a vast set of

functions, from prevention to colonization of the oral cavity and pharynx, to

involvement in adhesion and wound healing [49].

pclA

Host-cell

adherence and

invasion

Collagen mimicry

Encodes for the pneumococcal collagen-like protein A, a top candidate for

human collagen mimicry [50], involved in host-cell adherence and invasion

\cite{Paterson2008}. Binding to fibronectin and collagen are common strategies

employed by various invading bacterial pathogens to colonize or disseminate

within the host [51-52].

mreD Cell shape

In ovococcus bacteria such as S. pneumoniae the function of the top-scoring

protein MreD (the Rod shape-determining protein) is unknown. Depletion of

MreD protein can cause cells to stop growing, become spherical, form chains

and lyse [53].

SPN23F1

1320

SPN23F0

9460

Acetylation

The genes designated as SPN23F11320 and SPN23F09460 represent about 13\%

of all non-putative GCN5-related, N-acetyltransferases of the (GNAT) family

present in our dataset. These are key proteins involved in acetylation, and there

is growing evidence in the literature of their role in regulation of central carbon

metabolism and phenotype through epigenetics [54-55].

recX
Regulation of

recombination

The gene recX is in close proximity to the groESL operon, which encodes a

regulatory protein that inhibits the RecA recombinase in multiple species of

bacteria [56-59]. Its immediate function is to regulate recombination.
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groEL

groES

Protein folding

Encode a chaperonin system for protein folding [60]. Apart from assisting

protein folding by preventing inappropriate interactions between non-native

polypeptides [60], this system may also buffer deleterious effects of mutations

on protein foldability and stability [61]. The protein GroEL is highly

immunogenic for different bacterial species and has been shown to provide

strain-specific protection in vaccine studies [62-64]. Other studies have reported

the power of the groESL operon and its proteins to ascertain phylogeny and

classification within the {Streptococcus genus [65] and between species of the

Viridans and Mutans Streptococci groups [66-67].

carB
Production of

O-antigen

Many bacterial species use O-antigen to avoid phagocytosis and to resist the

lytic action of the complement system [68]. For Salmonella typhimurium it is

known that o-antigen’s immunogenicity is species dependent [69]. In E. coli,

over 160 different o-antigen structures are known to be produced and are strain

dependent [70].

vanZ

Virulence

Resistance to

teicoplanin

The protein VanZ is linked to teicoplanin resistance in Enterococcus faecium [71]

and is also essential for lung infection in S. pneumoniae [72].

licA

Virulence

Modulation of

PCHO

LicA encodes the enzyme phosphorylcholine kinase which catalyses the

incorporation of phosphorylcholine (PCHO) into surface components [73]. PCHO

is a plurispecific vaccine candidate, since it is present on the surface of many

mucosal organisms including Haemophilus influenzae, Streptococcus

pneumoniae and Pseudomonas aeruginosa, and in the pili of Neisseria

meningitidis and Neisseria gonorrhoeae. Furthermore, modulation of PCHO

expression has the potential to confer the property of immune avoidance and

persistence on mucosa by Neisseria species [74] and pathogenesis of invasive

disease by Haemophilus influenzae type b [73].
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